Abstract. Zinc finger protein SNAI1 (SNAIL) and zinc finger protein SNAI2 (SLUG) transcription factors promote epithelial-mesenchymal transition, a process through which epithelial cells acquire a mesenchymal phenotype, increasing their migratory and invasive properties. In prostate cancer (PCa) progression, increased expression levels of SNAIL and SLUG have been described. In advanced PCa, a decrease in the cell surface proteoglycan syndecan-1 (SDC-1), which has a role in cell-to-extracellular matrix adhesion, has been observed. Notably, SDC-1 nuclear location has been observed in mesenchymal cancers. The present study aimed to determine if SNAIL and SLUG may be associated with the nuclear location of SDC-1 in PCa. To determine the location of SDC-1, antibodies against its intracellular domain (ID) or extracellular domain (ED) were used in benign prostatic hyperplasia (BPH) and PCa samples with high Gleason scores. Only ID-SDC-1 was located in the cell nuclei in advanced PCa samples, but not in the BPH samples. ED-SDC-1 was located in the cell membrane and cytoplasm, exhibiting decreased levels in PCa in comparison with those in BPH. Furthermore, LNCaP and PC3 PCa cell lines with ectopic SNAIL expression exhibited nuclear ID-SDC-1. No change was observed in the ED-SDC-1 levels, and maintained its location in the cell membrane and cytoplasm. SLUG induced no change in ID-SDC-1 location. At the protein level, an association between SNAIL and nuclear ID-SDC-1 was observed. In conclusion, the results of the present study demonstrated that nuclear ID-SDC-1 localization was associated with SNAIL expression in PCa cell lines.
Introduction
Prostate cancer (PCa) is the second most commonly diagnosed cancer in men and the fifth most common cause of cancer-associated mortality worldwide (1) . PCa progression involves transformation of the prostate gland structure. During this process, which is known as epithelial-mesenchymal transition (EMT), epithelial cells lose their characteristics, such as cell-to-extracellular matrix (ECM) adhesion, and increase their migratory and invasive properties, acquiring a mesenchymal phenotype (2, 3) . This process has been associated with an increase in EMT transcription factors, including the zinc finger protein SNAI1 (SNAIL), Twist-related protein (TWIST) and zinc finger E-box-binding (ZEB) families, which repress epithelial markers expression (4) .
PCa progression has been associated with increases in the levels of SNAIL and SLUG, which are SNAIL family members, and TWIST transcription factors (5) , while the levels of epithelial cadherin (E-cadherin) and other epithelial markers such as syndecan-1 (SDC-1) decrease following PCa progression (5) (6) (7) . In this context, ectopic SDC-1 expression has been associated with decreased rates of tumor growth in myeloma (8) , breast cancer (9) and PCa (10) .
SDC-1 is a transmembrane proteoglycan primarily expressed in epithelial cells, with a role in cell-to-ECM adhesion, motility and intracellular signalling of other receptors, such as integrins. The extracellular domain of SDC-1 (ED-SDC-1) is a large fragment with glycosaminoglycans [heparan sulfate (HS) and chondroitin sulfate], which binds extracellular ligands. The transmembrane domain is connected to the intracellular domain of SDC-1 (ID-SDC-1), which has a smaller extension (11) .
Although SDC-1 has a cellular membrane location, previous studies have described nuclear SDC-1 location in malignant mesothelioma cells (12) , myeloma cells (13, 14) and mesenchymal tumors (15, 16) . Also, shed ED-SDC-1 has been identified in the nucleus of bone marrow-derived stromal cells (17) . In these articles, HS has an important role in nuclear traffic (13, 15, (17) (18) (19) The function of nuclear SDC-1 is not clear; however, histone acetyltransferase (HAT) inhibition, leading to chromatin compaction (13) , cell cycle control, decreases in proliferation, transcriptional machinery regulation and protein transport to the nucleus (19) , have been suggested. Additionally, our previous study demonstrated that SDC-1 expression was repressed by ZEB1 in prostate cell lines (20) . However, an association between SNAIL family transcription factors and nuclear SDC-1 location has not been demonstrated yet.
Based on these data, the present study aimed to investigate if SNAIL or SLUG may be associated with the nuclear location of SDC-1 in PCa.
Materials and methods
Specimens. Samples of benign prostatic hyperplasia (BPH) (n=3) and those with high Gleason Score PCa (8 and 9) (n=3), were obtained from biopsy archives of the Anatomy and Pathology Service, Clinical Hospital of the University of Chile (CHUCh). All protocols and authorization for biopsy use were approved by the Faculty of Medicine and CHUCh ethics committees (approval no. 135-2015). These protocols included written informed consent of the patients in order to use part of the tumor samples for research purposes. All protocols and handling of hazardous materials were approved by the Faculty of Medicine of the University of Chile Risk and Biosecurity Unit.
Immunohistochemistry. The immunohistochemical procedures and digitalization of the images (magnification, x20) were performed as described previously (20) . The primary antibodies were as follows: Anti-SNAIL (1:100; cat. no. 3879; Cell Signaling Technology, Inc.); anti-SLUG (1:50; cat. no. sc-15391; Santa Cruz Biotechnology, Inc.); anti-ED-SDC-1 (1:100; cat. no. sc-5632; Santa Cruz Biotechnology, Inc.); and anti-ID-SDC-1 (1:100; cat. no. 362900, Invitrogen; Thermo Fisher Scientific, Inc.). ImageJ v.1.52f software [National Institutes of Health (NIH)] was used to quantify the images. For each immunodetection, 50 images were included and quantified.
Cell culture. The human PCa LNCaP (CRL-1740 TM ) and Pc3 (CRL-1435™) cell lines were obtained from the American Type Culture Collection and cultured as previously described (20) . Lentiviral transduction. Transduction was performed as described in a previous study (20) , with lentiviral particles purchased from GenTarget Inc. and the lentiviral plasmid pLenti suCMV (target sequence)-Rsv red fluorescent protein (RFP)-Puro (GenTarget Inc.), in which the target sequences were SNAIL (NM_005985.3) or SLUG (NM_003068.4), or without a target sequence as the empty vector (EV) control.
Immunofluorescence. A total of 5x10 4 cells were seeded on coverslips in 24-well plates. The procedure was performed as previously described (21) . The primary antibodies dilutions were: 1:50 for anti-ID-SDC-1 (cat. no. 362900; Invitrogen; Thermo Fisher Scientific, Inc.); 1:100 for anti-ED-SDC-1 (cat. no. sc-5632; Santa Cruz Biotechnology, Inc.); and 1:100 for anti-CD44 antigen (CD44; cat. no. ab6124; Abcam). The fluorophores conjugated to the secondary antibodies were Alexa Fluor 488 and Alexa Fluor 405 (cat. nos. A-11008 and A-31553, respectively; both from Thermo Fisher Scientific, Inc.; 1:200). The mounted coverslips were observed under a confocal microscope (LSM-410 Axiovert 100 + Axio Imager; Carl Zeiss AG; magnification, x600). Positive RFP expression was used as the marker of successful transduction. In total, 50 cells were quantified for each marker. To determine only nuclear ID-SDC-1, Adobe Photoshop CS6 Software (2012, version 13.0; Adobe Systems, Inc.) was utilized to delete the nuclei from the DAPI images, which were overlapped with the ID-SDC-1 images. Quantification and the Menders' overlap coefficient were determined using ImageJ v.1.52f software (NIH).
Total, cytoplasmic and nuclear protein extraction. Cells were seeded in a 100-mm dish (3x10 6 or 2.2x10 6 for LNcaP or Pc3 cells, respectively). Total protein extraction was performed as previously described (20) . For cytoplasmic and nuclear protein extraction, cells were harvested, treated with 300 µl buffer 1 [50 mM Tris, 0.5% Triton X-100, 137 mM NaCl, 10% glycerol and protease inhibitors (Roche Diagnostics)] and incubated for 15 min on ice. The extracts were centrifuged at 500 x g for 15 min at 4˚C; these supernatants contained the cytoplasmic proteins. The pellet was then resuspended in 150 µl buffer 1 (50 mM Tris pH 7.5, 0,5% Triton X-100, 137 mM NaCl, 10% glycerol + protease and phosphatase inhibitors) with 0.5% SDS, and then passed through a tuberculin syringe (27.5 G x 1/2"; Plastipak™; BD Biosciences), sonicated at 20 kHz for 10 sec and centrifuged at 17,000 x g for 15 min at 4˚C. Following this step, the supernatant now contained the nuclear proteins. A BCA kit (Thermo Fisher Scientific, Inc.) was used for protein quantification.
Western blot analysis. SDS-PAGE analysis was performed following loading of 50 µg cytoplasmic or total protein and 10 µg nuclear protein into each lane. The gels use were 6-12%. The proteins were then transferred to a nitrocellulose membrane and blocked with 5% milk in 1X TBS/0.1% Tween-20 at room temperature for 1 h. The membranes were incubated with anti-ED-SDC-1 (1:500; cat. no. sc-5632; Santa Cruz Biotechnology, Inc.), ID-SDC-1 (1:250; cat. no. sc-7099; Santa Cruz Biotechnology, Inc.), lamin-B1 (1:1,000; cat. no. sc-374015; Santa Cruz Biotechnology, Inc.), β-actin (1:1,000; cat. no. sc-81178; Santa Cruz Biotechnology, Inc.), SNAIL (1:1,000; cat. no. C15D3; Cell Signaling Technology, Inc.) and SLUG (1:1,000; cat. no. C19G7; Cell Signaling Technology, Inc.), vimentin (1:500; cat. no. ab8978; Abcam) and E-cadherin (1:1,000; cat. no. 610181; BD Transduction Laboratories; BD Biosciences) primary antibodies overnight at 4˚C. The membranes were then incubated with the following horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature: Peroxidase AffiniPure Goat Anti-Mouse IgG (H+L) (cat. no. 115-035-003), Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) (catalog no. 111-035-003) and Peroxidase AffiniPure Rabbit Anti-Goat IgG (H+L) (catalog no. 305-035-045), all purchased from Jackson ImmunoResearch Laboratories, Inc. and all used at 1:10,000. The membranes were developed using the Pierce TM Enhanced chemiluminescence Western Blotting Detection kit for HRP (cat. no. 32209; Thermo Fisher Scientific, Inc.) in an automatic system (Fusion FX5-XT; Vilber Lourmat Sté) and quantified using ImageJ 1.52f software (NIH).
Statistical analysis. The data are presented as the mean ± standard error of the mean. A one-way analysis of variance for repeated measurements was used to analyze statistical significance, followed by Tukey's post hoc test. Student's t-test was used to compare continuous variables between two groups. P<0.05 was considered to indicate a statistically significant difference. Analyses were performed using GraphPad Prism 5 (GraphPad Software, Inc.).
Results

SNAIL, SLUG and ED-SDC-1 exhibit altered expression levels in PCa samples.
In the BPH samples, SNAIL and SLUG exhibited weak and primarily nuclear immunoreactivity. However, in the high Gleason score PCa samples, an increase in intensity was observed in the nuclei of epithelial glandular cells and in the number of positively stained nuclei. These observations were similar to data from previous studies, where SNAIL and SLUG levels increased according to disease progression (5). In the high Gleason score samples, certain cells exhibited cytoplasmic staining, which may be associated with the tissue disorganization in this PCa stage (Fig. 1A-D) . In BPH, ED-SDC-1 was located in the membrane of epithelial cells in the basolateral region and more intensely in the glandular basal zone (Fig. 1E) . In the high Gleason score samples, ED-SDC-1 expression decreased in comparison with that of BPH samples (Fig. 1E and F) . These observations are in agreement with previously published data (5-7).
ID-SDC-1 is located in the nucleus of PCa samples.
In the high Gleason score PCa samples, ID-SDC-1 was identified in the nuclei of epithelial cells, in addition to the classical cell membrane location described for SDC-1 (Fig. 1G) . In addition, in the BPH samples, ID-SDC-1 was only located superficially, like ED-SDC-1 (Fig. 1G) . Total ID-SDC-1 levels were decreased in high Gleason score PCa in comparison with those in BPH samples (Fig. 1H) .
Ectopic SNAIL expression is correlated with ID-SDC-1 location in the nuclei of PCa cell lines.
To determine if SNAIL and SLUG could be associated with nuclear ID-SDC-1 location, ID-SDC-1 was analyzed in LNCaP and PC3 PCa cell lines with SNAIL or SLUG ectopic expression. SNAIL Nuclear ID-SDC-1 levels were evaluated in the DAPI-delimited region. In the EV cells, ID-SDC-1 was located in the cytoplasm and nucleus (Figs. 2E and 3E) . Nuclear ID-SDC-1 levels were increased in cells with ectopic SNAIL expression. Ectopic SLUG expression induced no change in nuclear ID-SDC-1 levels with respect to that of EV cells (Figs. 2E, F  and 3E-G) . In the SNAIL-transduced cells, nuclear ID-SDC-1 exhibited a dotted fluorescence pattern (Figs. 2E and 3E ), which (I) Colocalization of ED-SDC-1 with CD44 was assessed using Manders' overlap coefficient. Data were analyzed using ANOVA followed by a Tukey post hoc test. The data represent the average of 3 independent experiments, and the data are presented as the mean ± standard error of the mean. can be clearly observed in the magnified images of ID-SDC-1 in PC3 cells (Fig. 3F) . Nuclear ID-SDC-1 was observed in regions with and without DAPI staining. In cells with ectopic SNAIL expression, increased ID-SDC-1 levels were observed with DAPI co-localization (Figs. 2G and 3H ). PC3 cells with ectopic SLUG expression exhibited higher nuclear ID-SDC-1 levels with DAPI co-localization (Fig. 3H) , whereas this was not observed in LNCaP cells (Fig. 2G) .
ED-SDC-1 maintained its location in the membrane and cytoplasm of LNCaP and PC3 cells (Figs. 2H and 3I) . ED-SDC-1 was co-localized with the surface marker CD44, with similar results in all the transductions (Figs. 2I and 3J) .
SNAIL induces an increase in ID-SDC-1 levels in the cell nucleus and cytoplasm.
To determine whether the increase in ID-SDC-1 levels observed was only in the nucleus or in the nucleus and the cytoplasm of cells, the protein levels were determined in LNCaP and PC3 cells with SNAIL or SLUG ectopic expression (Fig. 4A-D) . Ectopic SNAIL expression increased the nuclear levels of ID-SDC-1 and, to a decreased level, the cytoplasm levels in LNCaP and PC3 cells (Fig. 4A-D) . Ectopic SLUG expression induced no change in ID-SDC-1 levels in either of the PCa cell lines analyzed (Fig. 4A-D) . ED-SDC-1 total protein levels were similar in EV, SNAIL and SLUG-overexpressing LNCaP and PC3 cells (Fig. 4E-H) .
Discussion
The present study demonstrated the nuclear location of ID-SDC-1 in PCa samples. Absence of ED-SDC-1 in the nucleus may be a particular feature of PCa, as SDC-1 has been observed in the nucleus of cells (13) (14) (15) (16) (17) (18) and HS proteoglycans are involved in nuclear traffic (13, 15, 17, 18) . Nevertheless, ID-SDC-1, which lacks HS, may be translocated to the nucleus through its positively charged amino acidic sequence (RMKKK), which could be identified as a nuclear location sequence (15) . Therefore, a mutation in this amino acid sequence may eliminate this possibility in PCa cells.
ID-SDC-1 production may be the consequence of juxtamembrane intracellular domain shedding, which could be performed by γ-secretase (22) , or an alternative translation initiation, as described for the human epidermal growth receptor (HER2) intracellular domain (23) . Both potential explanations should be investigated in future studies.
Nuclear ID-SDC-1 location was observed in EV LNCaP or PC3 cells in the present study. This may be due to the metastatic origin of these cells, which must have undergone EMT and a mesenchymal-epithelial transition to establish a metastatic niche in a distant organ.
The levels of ID-SDC-1 nuclear location were significantly increased in the presence of ectopic SNAIL expression in PC3 cells compared with in LNCaP cells. ID-SDC-1 was observed in nuclear regions with and without DAPI staining. Nuclear regions without DAPI staining, excluding the nucleoli, are associated with less-condensed chromatin and with transcriptional activity (24) . By contrast, regions with DAPI staining are associated with heterochromatin, which is highly condensed and is correlated with transcription-repressor proteins (24) . A previous study demonstrated that SDC-1 functions as an inhibitor of HAT, which is associated with transcriptional (13) , suggesting that nuclear SDC-1 location could be associated with chromatin compaction. According to the ID-SDC-1/DAPI co-localization results from the present study, the majority of ID-SDC-1 was located in the compacted chromatin area. In addition, SNAIL has been demonstrated to act as a regulator of heterochromatin domains, through the co-repressor Lysyl Oxidase Like 2, in mouse embryonic fibroblast pericentromeric domains (25) . Therefore, SNAIL overexpression may be associated with high heterochromatin stabilization and may favor an increased probability of nuclear ID-SDC1 with DAPI co-localization. However, more detailed studies of co-localization of ID-SDC1 with heterochromatin markers such as histone H3 lysine 9-methylation or co-immunoprecipitation of heterochromatin sequences with ID-SDC-1 are required.
SNAIL-overexpressing cells exhibited increased nuclear ID-SDC-1 protein levels compared with cytoplasmic levels. This could be associated with an alternative translation initiation, like that described for HER2 intracellular domains, located in the cytoplasm and nucleus (23) .
Although EMT has been associated with the nuclear location of other proteins such as E-cadherin in other cancer types (26, 27) , at present, the association between EMT factors and ID-SDC-1 location has not been described. In conclusion, the results of the present study demonstrated an association between SNAIL expression and nuclear ID-SDC-1 location in PCa cell lines.
The primary limitation of the present study is the low number of samples used for immunohistochemistry analyses (3 in each group). However, the statistical significance observed supports the conclusions concerning the expression and location of SNAIL, SLUG and ED-SDC-1. Nevertheless, a more extensive study is necessary for the clinical validation of these changes in the progression of PCa.
